Background: Extracorporeal membrane oxygenation (ECMO) is a life-saving modality used in the management of cardiopulmonary failure that is refractory to conventional medical and surgical therapies. The major problems clinicians face are bleeding and clotting, which can occur simultaneously. To discern the impact of pulmonary injury and ECMO on the host's haemostatic response, we developed an ovine model of smoke-induced acute lung injury (S-ALI) and ECMO. The aims of this study were to determine if the ECMO circuit itself altered haemostasis and if this was augmented in a host with pulmonary injury.
Background
Extracorporeal membrane oxygenation (ECMO) is a lifesaving modality used in the management of cardiopulmonary failure that is unresponsive to conventional medical and surgical therapies. Despite its benefits, survival rates for ECMO are only 84%, 67% and 66% when used for respiratory failure and 62%, 67% and 56% when used for cardiac failure in neonates, paediatric patients and adults, respectively [1] . Bleeding events remain a common and serious complication during ECMO, occurring in approximately 30% of patients [2] [3] [4] . Authors of some reports have proposed that contact between the patient's blood and the ECMO circuit can lead to activation of the coagulation, fibrinolysis and complement pathways [5] . The shift to a pro-coagulant state appears to be mediated primarily by thrombin, whilst there is an excessive fibrinolytic tendency mediated by plasmin, with the result being consumption of clotting factors, impaired platelet function, thrombocytopenia, and fibrinolysis [5] . The goal of the clinician is to minimise bleeding and transfusion requirements whilst avoiding micro-or macrothrombus formation in the circuit and within the patient's cardiovascular system [6] . This tightrope is a dynamic process; hence, a more complete understanding of how haemostasis is altered may improve bleeding management strategies and thus to reduce morbidity and mortality.
Unfractionated heparin is the systemic anti-coagulant most widely used during ECMO and is monitored primarily by activated clotting time (ACT). Viscoelastic tests using rotational thromboelastometry (ROTEM®) are gaining popularity because they assess whole blood coagulation and thus provide information on the dynamics of clot development, stabilisation and dissolution. A number of small studies suggest that ROTEM®-guided coagulation management could reduce bleeding episodes in ECMO patients [7, 8] . Whole blood platelet aggregometry using the cobas Multiplate® (Roche Diagnostics, Rotkreuz, Switzerland) is also increasing in use with a recent study demonstrating decreased platelet aggregation in ECMO patients [8] .
Patients who require ECMO are critically ill, thus making it difficult to discern the relative contributions of a patient's underlying pathology from the insult of the ECMO circuit per se. We hypothesised that the ECMO circuit itself alters haemostasis and that this becomes more pronounced in the presence of a preexisting lung injury. To discern the ECMO effect from that of the underlying illness, we used an established ovine model of lung injury and placed the animal on ECMO support. Haemostasis was monitored using conventional coagulation assays, thromboelastometry and platelet aggregometry to determine how each physiological insult alters coagulation in this scenario.
Methods

Extracorporeal membrane oxygenation ovine model
This study was approved by the animal research and ethics committee of the Queensland University of Technology and the University of Queensland (approval numbers 1100000053 and 1000000025) and adhered to the Australian Code for the Care and Use of Animals for Scientific Purposes, Eighth Edition, 2013 (the code), of the National Health and Medical Research Council. A total of 27 South African meat merino (SAMM)/Border Leicester Cross ewes weighing between 39 and 58 kg (mean 49.5 kg) were randomly divided into four groups. Animals received either sham injury (n = 12) or smoke-induced acute lung injury (S-ALI) (n = 15) as detailed previously [9] . Sham injury animals were divided into healthy controls (ventilation only for 24 h) (n = 4) and ECMO controls (ECMO only for 24 h) (n = 8). S-ALI animals were divided into controls (S-ALI only, no ECMO for 24 h) (n = 7) and the test group of S-ALI + ECMO (n = 8) for 24 h. ECMO was instituted as per our previously validated model [10] . Briefly, animals placed on ECMO had a 21-to 23-French femoral venous cannula (Medtronic, Minneapolis, MN, USA) inserted into the internal jugular vein and positioned in the distal inferior vena cava (access cannula). A 19-to 21-French venous cannula (Medtronic) was placed at the superior vena cava-right atrium junction (return cannula). Intra-cardiac echocardiography was used to confirm the cannula position. A Jostra ROTAFLOW centrifugal pump (Maquet Cardiopulmonary, Rastatt, Germany) was used, and target flow rates of 3-4 L/minute were maintained. Porcine mucous heparin (1000 U; Pfizer Australia, West Ryde, Australia) was added to the circuit, and a heparin infusion was commenced at 4 U/kg/h to obtain a target ACT between 220 and 300 seconds. Sheep were continuously monitored for haemodynamics, fluid and electrolyte balances, and temperature. Pressurecontrolled mandatory ventilation based on previous ovine models was used [11, 12] . An arterial partial pressure of carbon dioxide of approximately 30 mmHg and arterial partial pressure of oxygen >80 mmHg were managed via ECMO gas sweep. Mean arterial pressure was augmented by protocolised use of pressors, inotropes and balanced fluid resuscitation to maintain mean arterial pressure >65 mmHg. Bolus fluids and increased maintenance fluids (up to 500 ml/h) were administered when a persistent decrement in ECMO blood flows was observed and other potential causes for the same were excluded.
Blood sampling
Arterial blood samples and blood gas measurements (temperature, pH, ionised calcium) were collected at baseline; 15 minutes post-S-ALI (or sham injury) (S0), before ECMO commencement (S2); and 1, 2, 6, 12, 18 and 24 h post-ECMO. Blood samples were also taken for ROTEM® analysis, full blood examination (FBE) and Multiplate® whole blood platelet aggregometric testing. Samples for routine coagulation tests were centrifuged twice (15 minutes, 4°C, 3000 × g) to obtain platelet-poor plasma and were subsequently stored at −80°C until further analysis.
Full blood examination and routine coagulation tests
An FBE using the veterinary mode of the AcT diff™ haematology analyser (Beckman Coulter Australia Pty Ltd, Lane Cove West, Australia) was performed to assess the white cell count (WCC), red cell count (RCC), haemoglobin (Hb), haematocrit (Hct) and platelet count. Prothrombin time (PT), activated partial thromboplastin time (aPTT), factor VIII (FVIII) and FXII, anti-thrombin (AT), fibrinogen using the Clauss method, protein C, von Willebrand factor antigen (vWAg), thrombin clotting time (TCT) and D-dimer were performed on the ACL TOP® analyser (Instrumentation Laboratory/Werfen Australia, Artarmon, Australia) or the Stago STA-R Evolution analyser (Diagnostica Stago, Doncaster, Australia) following the manufacturer's instructions. ACT was measured in fresh whole blood using kaolin tubes with the HEMO-CHRON® 401 coagulation analyser (Soma Technology, Bloomfield, CT, USA).
Whole blood platelet function (Multiplate®)
Whole blood platelet aggregometry was measured by change in impedance and expressed in aggregation units using the Multiplate® 5.0 platelet function analyser.
Hirudin-anticoagulated blood was tested using adenosine diphosphate (ADP; 6.4 μmol/L) and collagen (3.2 μg/ml) agonists [13, 14] .
ROTEM®
Whole blood clot formation profiles were recorded by ROTEM® (Haemoview Diagnostics, Brisbane, Australia) with the EXTEM (thromboplastin-initiated coagulation), INTEM (contact factor-initiated coagulation), FIBTEM (thromboplastin-initiated coagulation with the platelet inhibitor cytochalasin D) and HEPTEM (contact factorinitiated coagulation with heparinase) activating reagents in accordance with the manufacturer's instructions. Parameters evaluated included clotting time (CT), clot formation time (CFT) and maximum clot firmness (MCF).
Statistical analysis
To determine the effect of the experimental group on each outcome, a mixed effects linear regression model was fitted with random effects for sheep and time (within sheep). Potential confounders included the laboratory Fig. 1 The effect of ECMO on physiological parameters. Temperature remained constant a, while S-ALI controls and S-ALI + ECMO animals had a decreased pH b. Ionised calcium levels c and the circuit flow rate d were decreased in S-ALI + ECMO compared with healthy controls. Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001 versus healthy controls. n = 4 healthy controls, n = 8 ECMO controls, n = 7 S-ALI controls, n = 8 S-ALI + ECMO. ECMO Extracorporeal membrane oxygenation, S-ALI Smoke-induced acute lung injury, B Baseline where routine and specialised coagulation testing was performed, weight of the animal at baseline, fluid balance and the ratio of INTEM-CT to HEPTEM-CT (used as a proxy measure to adjust for potential confounding due to heparin dosage). Eligible confounders with univariable P values <0.2 were entered into a multivariable model, and a stepwise backwards elimination process was applied until all variables remained significant at the 0.05 level. Statistical analyses were performed using the STATA TM 13 statistical software package (StataCorp, College Station, TX, USA).
Results
Physiological, haematological and routine coagulation parameters
Sheep body temperature remained constant throughout the experiment (Fig. 1a) . Significant decreases in pH (Fig. 1b) were seen in the S-ALI control (P < 0.001) and S-ALI + ECMO groups (P < 0.05) compared with healthy controls, although this was still within the normal range for ovine pH (7.32-7.5). S-ALI + ECMO groups also had decreased ionised calcium levels (P < 0.001) (Fig. 1c) and a significantly decreased circuit flow rate (P < 0.05) (Fig. 1d) compared with healthy controls. The mean and SD of all haematological and plasma-based coagulation parameters at selected time points are detailed in Table 1 . Baseline measurements for FBE as well as routine and specialised coagulation tests did not differ significantly across the experimental groups. Results from each group were compared with those of the healthy control group. WCC (P = 0.004), RCC (P = 0.01) and Hb (P < 0.001) increased in the S-ALI controls. In contrast, WCC (P = 0.01), RCC (P < 0.001) and Hb (P < 0.001) levels were lower in the ECMO controls. S-ALI + ECMO animals also had lower WCC (P < 0.001). Platelet count remained unchanged across all groups. A prolonged PT was observed in both S-ALI controls (P < 0.001) and S-ALI + ECMO (P < 0.001) groups after 12 h of ECMO. aPTT, TCT and D-dimer did not differ significantly in any groups compared with healthy controls. Fibrinogen, FVIII and vWAg levels were lower in ECMO controls (P < 0.001). Fibrinogen, AT, FXII and protein C levels were lower in S-ALI controls (P < 0.001). With the combination of S-ALI + ECMO, there were reductions in coagulation factors FVIII and FXII as well as fibrinogen and vWAg. The levels of naturally occurring anti-coagulants AT and protein C were also lower in this group (P < 0.001). Predicted marginal means with 95% CIs over experimental group for measures of interest are shown in Table 2 along 
Platelet function (Multiplate®)
Relative to healthy controls, collagen-induced platelet function was significantly higher in S-ALI controls (P = 0.001), ECMO controls (P < 0.001) and S-ALI + ECMO (P < 0.001) experimental groups (Fig. 2a) . There was no significant difference in ADP platelet aggregation across any of the experimental groups (Fig. 2b) .
Thromboelastometry
S-ALI controls (P < 0.001) and the S-ALI + ECMO group (P = 0.03) had a significantly lower INTEM-MCF (Fig. 3a) than healthy controls. Both S-ALI controls (P = 0.007) and S-ALI + ECMO (P < 0.001) animals had a significantly lower HEPTEM-MCF (Fig. 3b) . There was no significant difference in INTEM or HEPTEM-CFT across any of the experimental groups (data not shown). EXTEM-CFT was extended in S-ALI controls (P = 0.011) and further protracted in S-ALI + ECMO (P < 0.001) experimental animals (Fig. 3c) . In addition, the overall clot quality as measured by the EXTEM-MCF was also lower in S-ALI controls (P = 0.031) and further decreased in S-ALI + ECMO (P < 0.001) (Fig. 3d) . Fibrinogen levels in all three experimental groups (P < 0.001) were significantly lower than in healthy controls (Fig. 4a) . FIBTEM-CFT was prolonged in both S-ALI controls (P = 0.016) and the S-ALI + ECMO group (P = 0.001) (Fig. 4b) . FIBTEM-MCF was lower in S-ALI controls (P < 0.001) and ECMO controls (P = 0.001) and was further reduced in S-ALI + ECMO (P < 0.001) groups (Fig. 4c) .
Discussion
In clinical practice, it is the critically ill who are placed on ECMO. This ovine smoke injury and ECMO model has revealed that the introduction of an ECMO circuit alone leads to an increase in collagen-induced platelet aggregation and a reduction in the levels of coagulation factors FVIII, FXII and fibrinogen. When a host with S-ALI is placed on ECMO, these haemostatic alterations are augmented.
Studies on the impact of ECMO on platelet number document variable results. A number of case series and reviews suggest the ECMO circuit may lead to thrombocytopenia through platelet consumption [15] [16] [17] ; however, two recent studies demonstrated that ECMO is not associated with decreased platelet numbers [18, 19] . Consistent with these latter reports, we observed no significant decrease in platelet numbers in our ovine ECMO model. While platelet numbers were unaffected by ECMO, it is possible that haemostasis in our ovine ECMO model may have been impacted by perturbations in platelet function. To investigate this possibility, we conducted whole blood platelet function assays. We and others have previously demonstrated the utility of human platelet function assays in the ovine setting [13, 14] . The platelet ADP response in SAMM/Border Leicester Cross sheep is comparable to that of humans [14] , and in our study, there was no change with ADP-induced platelet aggregation in any of the sheep groups compared with healthy controls. In contrast, researchers in several studies have reported an impaired platelet response with ADP in adults [8, 20] as well as children on ECMO [21] . Patients are often on ECMO for extended time periods, and because our study involved only a 24-h observation period, it is conceivable that ADP-dependent platelet dysfunction may develop with prolonged exposure. While the collagen response in SAMM/Border Leicester Cross sheep is lower than that of humans [14] , we observed significant increases in collagen-triggered platelet function with S-ALI and ECMO individually and sequentially. The shear stress from the ECMO circuit is thought to damage endothelial cells, thus exposing collagen and inducing platelet aggregation [22] . In addition, shear stress has been shown to induce amplification of platelet micro-particle production and shedding [23] , as well as to prime platelets for faster activation [24] .
SAMM/Border Leicester Cross sheep have similar levels of von Willebrand factor (vWF) to humans, but they have significantly higher levels of FVIII [14] . Results from this study demonstrate that while S-ALI does not affect circulating FVIII or vWF, the introduction of the ECMO circuit in both ECMO controls and S-ALI + ECMO resulted in a significant reduction in vWF and FVIII levels. Because our analysis was corrected for fluid administration, this effect cannot be attributed to haemodilution alone. Rather, exposure of blood to the increased shear stress of the ECMO circuit may be causative. Increased shear stress, as seen in ventricular assist devices (VADs), total artificial hearts and aortic valve stenosis, has been reported to cause alterations in the configuration of vWF and reduced levels of high-molecular-weight multimers (HMWM) of vWF [25] . Patients on long-term VADs have been reported to develop acquired von Willebrand syndrome, which has been linked to the loss of HMWM [26, 27] . In a study of eight ECMO patients, researchers reported relatively stable FVIII levels but a decreased ristocetin cofactor to vWF ratio, indicating the possible loss of HMWM of vWF [17, 28] . While no change to FVIII levels has been recorded in human studies, we speculate that the higher levels of FVIII in sheep enabled us to detect this change more easily.
Because ROTEM is routinely used to provide rapid results for managing bleeding in our intensive care unit [29] , we also applied it to assess whole blood coagulation in this model. The shortened INTEM CTs in both the ECMO groups are consistent with reduced FVIII and vWF. As expected with heparin administration, prolongation of the aPTT did not change significantly across groups. With respect to measures of the extrinsic pathway, both S-ALI controls and S-ALI + ECMO samples demonstrated an increase in PT to more than double the baseline time after 24 h of ECMO support. These results suggest that whole blood coagulation assays (thromboelastometry) may be more informative and sensitive than plasma-based assays (aPTT and PT) when monitoring ECMO patients [30] .
Our results showed that both S-ALI and ECMO individually compromised fibrinogen function, and the combined insult of S-ALI + ECMO produced a cumulative effect. Interestingly, serial monitoring revealed a transient early decrease in fibrinogen level and function following Fig. 2 Platelet aggregometric function for each group of animals. a Collagen-induced AUC was significantly higher in S-ALI controls, ECMO controls and S-ALI + ECMO groups, while b ADP was not significantly different. Data are presented as mean ± SEM. ***P < 0.001 versus healthy controls. n = 4 healthy controls, n = 8 ECMO control, n = 7 S-ALI controls, n = 8 S-ALI + ECMO. ADP Adenosine diphosphate; B Baseline, ECMO Extracorporeal membrane oxygenation, S-ALI Smoke-induced acute lung injury the initiation of ECMO, which begins normalising after 12 h. Fibrinogen is one of the first plasma proteins to be adsorbed onto the ECMO circuit and has been shown to be associated with platelet consumption [31] . Whether fibrinogen levels return to baseline levels and function after 24 h remains to be investigated.
D-Dimer levels did not change significantly in any of the groups, but protein C and AT levels decreased with time in both S-ALI controls and S-ALI + ECMO. Studies in patients with burn injuries and inhalational trauma showed increased thrombin-AT complexes and fibrin degradation products with decreased levels of protein C and AT consistent with pulmonary coagulopathy [32] . A series of ovine models of smoke inhalation injury have shown that aerosolised anticoagulants such as heparin, recombinant human AT and recombinant activated protein C reduce airway obstruction and improve oxygenation [33] [34] [35] . Because this was a 24-h model, we were unable to determine if the compromise to the extrinsic pathway continued, plateaued or recovered with time.
As with any animal model, there were speciesassociated limitations. While SAMM/Border Leicester Cross sheep have aPTT, PT, TCT and fibrinogen levels similar to those in humans, they have significantly higher FVIII and half the protein C levels. In addition, coagulation measurements were performed using assays optimised for humans and were referenced against human calibration plasma with assigned values traceable to National Institute for Biological Standards and Control standards. The 24-h duration of the experiment was also a limitation because most patients remain on ECMO support for days to weeks. The complexity of the study and the high cost of the experiment prevented us from extending the duration of ECMO. Longer-duration studies are required to determine if the observed haemostatic changes are transient or stable or whether they will escalate.
The predominant challenge for a clinician caring for a patient on ECMO is making an informed assessment of the bleeding and clotting risks of each patient. Assessment of the patient's haemostasis includes consideration of the pathophysiology, degree of organ failures and extent of tissue trauma during cannulation. Thus, a holistic approach to haemostatic management is needed to balance all these factors. This incremental ovine model enabled us to show that S-ALI + ECMO induced decreases in FVIII, FXII and Fig. 3 The effect of ECMO on INTEM, HEPTEM and EXTEM parameters. INTEM and HEPTEM-MCF a and b in the S-ALI controls and S-ALI + ECMO groups was significantly lower than in healthy controls. c EXTEM-CFT was prolonged in both S-ALI controls and S-ALI + ECMO. d EXTEM-MCF was subsequently lower in both S-ALI controls and S-ALI + ECMO. Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001 versus healthy controls. n = 4 healthy controls, n = 8 ECMO controls, n = 7 S-ALI controls, n = 8 S-ALI + ECMO. B Baseline, CFT Clot formation time, ECMO Extracorporeal membrane oxygenation, MCF Maximum clot firmness, S-ALI Smoke-induced acute lung injury vWAg and altered platelet response. While factor assays cannot be performed quickly, both ROTEM and whole blood platelet aggregometry provide rapid information on whole blood coagulation and thus may be used to guide the use of blood product support, factor replacement, anti-coagulation therapy and anti-fibrinolytics. Future research on the utility of ROTEM and whole blood platelet aggregometry of ECMO patients is required to determine their efficacy to support real-time haemostatic management in this cohort.
Conclusions
This animal model enabled us to demonstrate that the introduction of an ECMO circuit itself alters haemostasis, specifically by increasing collagen-induced platelet aggregation and reducing levels of fibrinogen, FVIII and vWF. In addition, the model demonstrated that these haemostatic perturbations are amplified in a host with pre-existing pulmonary injury. Thus, the introduction of ECMO support on its own alters haemostasis in the first 24 h. Longer-duration studies are required to characterise the haemostatic changes beyond this time. Additional efficacy studies are also required to assess the potential of point-of-care coagulation and platelet function tests for guiding haemostatic management during ECMO. 
